The HIV-1 envelope gp120/gp41 trimer mediates viral membrane fusion. After cluster of differentiation-4 recognition, gp120 detaches from the virus, exposing gp41 which triggers fusion. During the fusion process, gp41 may not remain trimeric, which could have functional importance. Here, we probe the reversible association of full length gp41 (minus the cytoplasmic domain) in detergent micelles (with probes attached to transmembrane domain) by fluorescence resonance energy transfer (FRET) with a lM dissociation constant. This is compared with other methods. A gp41-targeted fusion inhibitor must interfere with this transition, and monomeric, partially monomeric or trimeric states all present potential binding epitopes. The gp41 self-association is a valid drug target model and FRET, a potential high-throughput assay system, could be used to screen drug libraries.
The HIV-1 viral envelope gp120/gp41 trimer (ENVelope glycoprotein) elicits viral membrane fusion with the host cell. After CD-4 receptor recognition on the human T cell and recognition of an additional coreceptor, gp120 sheds from the viral spike and the exposed gp41 subunit then triggers fusion [1, 2] . The postfusion conformation of the central gp41 ectodomain region, which is composed of an N-terminal and C-terminal heptad repeat (NHR and CHR) linked by a 30-residue linker, forms a six-helical bundle (HB) which has been studied in great detail [3, 4] . Recently, more insight into the nonactivated pre-fusion conformation has been gained [5] [6] [7] [8] [9] [10] ; however, much less is known about intermediate conformations. To elicit viral membrane fusion, gp41 must attach with its fusion peptide (FP) to the host cell membrane, while staying anchored in the viral membrane via its transmembrane region (TM). Both host cell and viral membranes are bridged by the ectodomain region, presumably in an elongated conformation, frequently referred to as the prehairpin intermediate or prefusion intermediate conformation. In the current model, fusion is initiated by the central gp41 ectodomain region which undergoes a dramatic conformational shift from this extended pre-hairpin intermediate conformation to the more compact antiparallel six-helical (6HB) bundle formed by a trimer of hairpins (see above). In this way, viral and host cell membrane are closely juxtaposed and hemifusion can be initiated [1, 2, 11] . HIV infection is characterized by a relatively long lag-phase, where prior to fusion and cell entry, gp41 will presumably remain in the pre-hairpin intermediate conformation. Hence, gp41 has been the target of a new class of antiviral drugs, called fusion inhibitors, with T-20 (Enfuvirtide, Fuzeon, Roche) being the first FDA-approved and most prominent one [12] [13] [14] . Despite its functional importance and relevance as a drug target, structural details of the pre-hairpin intermediate conformation have remained enigmatic as this dynamic and transient state is difficult to study by standard X-ray or cryo-EM techniques [15] . Recent solution NMR studies on gp41 reconstituted in dodecyl phosphocholine micelles revealed a highly dynamic ahelical conformation of gp41, with transient a-helical behavior for several notches in the NHR and parts of the CHR [16] . The structural features observed were consistent with those anticipated for a pre-hairpin intermediate conformation. Related sedimentation equilibrium studies on the same construct revealed a dynamic monomer/trimer equilibrium, likely of functional importance to enable the necessary conformational transitions.
The presence of a monomer-trimer equilibrium was suggested some years ago for HIV and SIV gp41 [17, 18] , but the prevalent perception in the field, maybe based on the lack of experimental data, anticipated that gp41 is trimeric during all stages of the fusion process. In this scenario, the trimeric state is stabilized by association of the gp41 NHR domain, based on the structure of the six-helical bundle postfusion conformation [3, 4, 11, 19, 20] . Roche et al. [21] , who used a truncated gp41 ectodomain construct where the immunodominant loop (IL) was replaced by a flexible linker, found that the protein was monomeric in the detergent dodecyl phosphocholine (DPC). The same behavior was observed also in the presence of the membrane proximal external region (MPER) [22] .
Here, we investigate the oligomerization state of a gp41 construct by fluorescence correlation spectroscopy (FCS) and fluorescence resonance energy transfer (FRET). The protein comprises: FP; proximal region (FPPR); NHR, IL; CHR; MPEP and TM domains. The N-and the C-terminal ends are embedded within DPC micelles (Fig. 1) . Measurements uniquely monitored the physical state of the transmembrane domain, as the fluorescent probe is located at the end of this domain, and are compared with determinations by other approaches.
Materials and methods

HIV-1 gp41 constructs
All gp41 constructs were expressed in Escherichia coli and purified and reconstituted into DPC as described previously [16, 23] .
Labeling of gp 41 (C87A, C93A, S192C) with Alexa546 and QSY9 Alexa546 C5 maleimide (A-10258) fluorophore and quencher QSY9 C5 maleimide (Q-20131) were purchased from Life Technologies (Thermo Fisher Scientific, Waltham, MA, USA). Both fluorophores contained a C5-linker to allow rotational freedom and optimized transfer efficiency. They were conjugated to the cysteine 192 of gp41 as follows. Dyes were dissolved in small volumes of DMSO and diluted to working concentrations with 50 mM HEPES, pH 7.1, 0.1 mM TCEP. A 10-fold molar excess of dye was added to protein (~65 lM) in the same buffer with an additional 0.05% SDS to maintain protein solubility. Samples were incubated in the dark for 2 h at room temperature, then quenched by~10 mM reduced glutathione. The sample buffers were exchanged for 50 mM sodium acetate, pH 4.0 containing 0.1 M KCl and 0.1% (w/w) DPC using Amicon Ultra-15 centrifugal filter device (Millipore, Billerica, MA, USA) with 30 and 50 kDa cutoffs. At least eight cycles of concentration and dilution were performed; the excess dye was removed after the second cycle. The labeled proteins were finally concentrated to~1-2 mgÁmL À1 . At the DPC concentration used (0.1% w/w) micelles will form spontaneously, as the critical micelle concentration is 1.1 mM (0.04% w/w).
FRET measurements and data analysis
For FRET and FCS experiments, an 87 MHz Chameleon titanium-sapphire laser (Coherent, Santa Clara, CA, USA) was used that generates pulses in the fs range. The measurements were performed similarly as described previously [24] . In brief, a dilution series of Gp41-QSY9 was prepared using 50 mM sodium acetate, pH 4.0 containing 0.1 M KCl and 0.1% (w/w) DPC. Dilutions of the Gp41-QSY9 stock solution were mixed with Gp41-Alexa546 in a 1 : 1 (v:v) ratio for the FRET measurement. The particle number of Gp41-Alexa546 was determined via FCS and was kept constant at about 10 particles in focus, which corresponds to a concentration on the order of about 10 nM. Additionally, for reference background measurements, the Gp41-QSY9 series were mixed with buffer in a 1 : 1 (v:v) ratio. FCS measurements were performed with either of the two sample combinations. The fluorescence lifetime histogram of the background measurement was subtracted from the FRET-experiment. A mono-exponential fit was applied to the remaining histogram, thus revealing the fluorescence lifetime of Gp41-Alexa546. The FRET efficiency E(FRET) and the distance between donor and quencher, r, was calculated as described in Lakowicz [25] :
and
Here s D is the fluorescence lifetime of the donor Gp41-Alexa546 and s DA is the fluorescence lifetime of the donor in the presence of the acceptor/quencher Gp41-QSY9. R 0 corresponds to the Foerster distance of the donor/acceptor pair which for both Alexa546 and QSY9 is 6.7 nm.
FCS measurement and data analysis
A dilution series of unlabeled gp41 stock solution were mixed with Gp41-Alexa546 in a 1 : 1 (v:v) ratio for the FCS measurement. Using two-photon excitation, excitation only occurred within a defined focal volume of about 1 fL. An autocorrelation function was used to analyze the intensity fluctuations recorded within the excitation volume [26] :
A function modeling FCS signals for 3D-diffusion, as displayed in Eqn (4), was fitted to the resulting autocorrelation curve.
In this fit, N is the average number of independent fluorescent particles in the focal volume and s Diff , the diffusion time of the particle and the molecular brightness of each particle. The diffusion time is a measure for the motion of a fluorophore through the focal volume. Upon binding to a second molecule, these parameters may be affected.
Gel filtration in detergent
About 0.5 mL of HIV gp41 , containing 7-14 lM protein, was applied to a Superdex S75 column (1 9 30 cm) equilibrated in 50 mM sodium acetate, pH 4.0, 100 mM NaCl, and 0.3% DPC. The assigned molecular weights (monomer and trimer) of the peaks were based on sedimentation equilibrium (AUC) analysis. Calibration standards . Indicated are the FP, NHR, immunodominant loop region (IL), CHR, MPER, and transmembrane helix (TM) anchoring gp41 to the viral envelope. The numbering 1-194 refers to gp41 ; the numbering 512-705 refers to the location in the Env precursor. The red circle indicates the position of the fluorescence label at position S192C. The light green shade left hand symbolizes the DPC micelle embedding the FP and mimicking the host cell membrane, and the light orange shade right hand symbolizes the DPC micelle embedding the TM and mimicking the viral membrane.
are not shown as this would require membrane proteins with bound detergent micelles. The nonassociating gp41 in SDS approximately marks the elution position of the monomeric protein as discussed in text.
Analytical ultracentrifugation
A Beckman Optima XL-I analytical ultracentrifuge (Beckman Coulter, Brea, CA, USA), absorption optics, an An-60 Ti rotor and standard double-sector centerpiece cells were used. Equilibrium measurements were at 20°C and the concentration profiles recorded after 20 h at 27 600 g. Baseline was established by overspeeding at 163 300 g. for 4 h. Proteins were in 50 mM sodium acetate, 50 mM KCl, pH 4.0 buffer containing~5 mM DPC. The mass contribution of the detergent was eliminated with D 2 O as previously described [27] .
Results
FRET determination of gp41 association
Fluorescence experiments were performed using three different types of gp41 samples in DPC micelles: one with fluorescence label (Gp41-Alexa546) and one with quencher attached to S192C (Gp41-QSY9) and one unlabeled (gp41). The Alexa fluorophore sample Gp41-Alexa546 was combined with quencher (Gp41-QSY9) to carry out titration experiments monitored by FRET. Previous SAXS measurements showed that gp41 was a homotrimer which bound 5-6 DPC micelles [23] . The detergent complex consisted of two micelles per gp41 monomer where one micelle embedded TM and the other the FP (Fig. 1) .
FRET is observed in the low lM range
To measure the oligomerization of gp41 TM domain, the fluorescence lifetime of Alexa546 conjugated to gp41 was monitored (Fig. 2) . Different dilutions of gp41 labeled with a quencher, referred to as Gp41-QSY9, were added to Gp41-Alexa546. As the DPC concentration (3 mM) was the same, in both Gp41-QSY9 and Gp41-Alexa546 samples, the micelle concentration was unchanged during mixing. Proximity of the QSY9 quencher to the Alexa546 fluorophor will lead to a decrease of fluorescence lifetime.
A concentration-dependent fluorescence lifetime measurement of Gp41-Alexa546 with increasing Gp41-QSY9 concentration (0.1-10 lM) is shown in Fig. 2A . The fluorescence lifetime of Gp41-Alexa546 in the absence of Gp41-QSY9 (reference) is shown at 0.01 lM on the logarithmical concentration scale and no significant change of this value is seen up to concentrations of 0.1-1 lM. However, the fluorescence lifetime starts to decrease from about 3.6 ns at an added concentration of 1 lM Gp41-QSY9 to about 1.25 ns after an addition of 10 lM Gp41-QSY9. This strong decrease, which shows a sigmoidal-like behavior, cannot be explained by a concentration-dependent merging of micelles, as fluorophore and quencher samples contain the same DPC concentration. At the DPC concentration used (3 mM), equivalent to~40 lM micelles, there is on average about one micelle per 35 nm 9 35 nm 9 35 nm cube. This is an order of magnitude bigger than the Forster radius, so noninteracting monomers should have no effect on fluorescence. However, the actual data indicate a dynamic equilibrium and exchange process between fluorophore and quencher with observed changes in fluorescence lifetime indicating an oligomerization process with a K d in the 1-10 lM range. (Measurements for Gp41-QSY9 concentrations above 10 lM were not feasible because fluorescence photons originating from QSY9 exceeded the contribution from Alexa546.) Fig. 2B shows the FRET efficiency that is calculated on the basis of the fluorescence lifetimes presented in Fig. 2A . Theoretically, the corresponding FRET efficiency can become 1 at its maximum value. However, because of the abovementioned limitation in detecting Alexa 546 fluorescence above quencher concentrations of about 10 lM, E (FRET) max = 1 is not achieved in the accessible range of concentrations. Nonetheless, for the purpose of fitting the data, it is reasonable to set E (FRET) max = 1 at a concentration of 100 lM, which is far higher than this limit. Varying the maximum FRET efficiency to 0.9 or 0.8 leads only to small variations in the fitted K d value. The fit shown in Fig. 2B also neglects the last data point measured at 10 lM for the same reasons-here the contribution of photons originating from QSY9 already becomes apparent. Assuming that gp41 exists as an oligomer in the higher lM range [16, 23] which is the common conception in the field, namely that gp41 is trimeric, the data are fitted using a Hill fit and an oligomerization model as described in van Holde [28] : .71 AE 0.25 lM (n = 2) and 6.07 AE 0.87 lM (n = 1), independently of whether n was set to n = 1, n = 2, or left as a free fit parameter (Table 1) .
FCS experiments reveal a concentrationdependent oligomerization process
To further investigate the monomer-trimer oligomerization process, we performed FCS diffusion time measurements using the Gp41-Alexa546 sample and increasing concentrations of unlabeled gp41. An increase of the diffusion time around 10 lM (Fig. 3A) was consistent with oligomerization. But we cannot distinguish whether it is a monomer-trimer transition or other transitions, such as the formation of a dimer of trimers. If gp41 is modeled as an aggregation of spheres, the increase in diffusion time by a factor of 1.13 corresponds neither to a dimer nor a trimer. A more accurate analysis would require more realistic shape parameters for gp41 monomers; but the most likely oligomerization state for gp41 is trimeric, as larger species are not observed by other methods including SEC-MALS, NMR [23] , and AUC (Table 2) . Table 1 . Fit values of Hill Fit of FRET efficiency. K d is the dissociation constant, R 2 the correlation coefficient, and n the exponent for the Hill Fit (Eqn 5) which is either fixed to n = 1 or n = 2 or left as a free parameter during the fit.
Parameter n = 1 n = 2 n = free Counterintuitively, the number of fluorescent particles containing Gp41-Alexa546 rose throughout the FCS experiment although the concentration of the labeled gp41 was kept constant (Fig. 3B ). This can be explained by the preexistence of nonspecifically associated labeled Gp41-Alexa546 at low concentration of 10-20%. If mostly trimers preexisted; replacement with unlabeled gp41 would lead to the detection of a threefold increase in the number of fluorescing complexes, each carrying one labeled Gp41-Alexa546 and two unlabeled gp41.
For FRET, the probes were site-specially attached to C terminus (S192C) of the lipid associating TM domain. As the FRET efficiency exceeds a value of 0.5 (Fig. 2B) , the fluorescence donor and acceptor must, on average, come closer than the Foerster distance of R 0 = 6.7 nm. With a DPC micelle diameter of around 3.5 nm (radius of gyration 1.7 nm) [29] and the fluorescence labels at C192, at least two transmembrane regions will reside in the same micelle after the oligomerization event. However, the dimensions within the protein will approximate the Foerster distance [23] , so we cannot say with certainty whether the gp41 TM domain is an actual oligomerization interface (discussed further below). Importantly, as both donor and acceptor are located at the TM, the change in FRET efficiency does indicate TM is monomeric at low concentrations.
Monomer-trimer potential of various gp41 constructs
For comparison with the FRET evaluated trimerization, we performed K d measurements for various gp41 constructs (Table 2) , using mainly sedimentation equilibrium (AUC) experiments. In experiments where DPC was used, its contribution to the buoyant molecular mass of the protein-detergent complex was eliminated by density matching using D 2 O [27] . Data for the gp41 construct are best fitted to a reversible monomer-trimer association model with a K d of 1 lM (Table 2 ). This is close to the value determined by the FRET approach. For gp41 , deletion of the FP domain ( Fig. 1) had little effect on association; however, when the loop region (IL) was also removed (gp41 , there was about a 10-fold decrease in association (shift to monomer). In aqueous solution, gp41 , where both lipid-associating domains FP and TM are deleted, is a tighter trimer than the larger constructs which require detergent. The removal of IL in gp41 has no effect on trimeric association. When detergent is added, however, there is 25-fold decrease in association with the K d , now similar to those of the larger constructs, also in detergent. The gp41 DIL is especially affected by addition of detergent, with a 50-fold decrease and this was exploited in recent structural studies [30] . The detergent effect on both gp41 and gp41 27-154 DIL occurred, only above the critical micelle concentration, thereby indicating micelle binding as a prerequisite.
We investigated whether monomeric and trimeric gp41 could be resolved by gel filtration for a more rapid determination of association potential under various solvent conditions. We had previously noted that gp41 interacts with dextran-based matrices (Superdex, etc.) which results in retarded elution volumes and lower molecular weight estimates [17] . Including DPC in all buffers suppressed these column adsorption effects and monomeric (M) and trimeric (T) gp41 were well resolved (Fig. 4A, black profile) . Based on the areas of resolved monomer and trimer peaks, we can estimate the K d which is close to that determined by AUC ( Table 2 ). The addition of a low Solvent addition refers to detergent added where DPC is n-dodecyl phosphocholine (Fos-Choline-12) and SDS.
c Measurement refers to technique used to determine the monomer-trimer equilibrium of the various constructs where FRET refers to fluorescence energy transfer, AUC to analytical ultracentrifugation using sedimentation equilibrium and SEC to size exclusion chromatography. The equilibrium dissociation constant (K d ) is indicated in units of molarity (M). For AUC, the data were analyzed using a monomer-trimer model and the K d1-3 , in units of M2 was converted to M for comparative purposes. The K d values for SE were made by determining the ratio of the area of the trimer and monomer peaks resolved in the chromatograms and those for FRET as described in text. Value for 27-194 IL with N-terminal his-tag: 13.1. Values shown were from current study except AUC determinations: 1-194 [23] ; 27-194, 27-154, and 27-154 LD [16] .
concentration of SDS (0.02% w/v which is 10-fold lower than critical micellar concentration) increased the proportion of the M peak (Fig. 4A, red profile) corresponding to a threefold decrease in association. At higher concentration of SDS (1%), the equilibrium was completely shifted to the monomer (Fig. 4B, blue  profile) . In this case, the elution position of the monomer peak (MD) is shifted left (smaller elution volume) indicating a more extended conformation than the monomer in DPC (M). This extended conformation would be expected for unfolded protein and suggests that in DPC alone, the monomer in equilibrium with trimer assumes a native-like conformation and is not unfolded (as in SDS). Attempts to resolve monomer and trimer conformers in the larger 1-194 and 27-194 constructs were not successful, likely due to conformational transitions (shape heterogeneity) in additional (154-194) C-terminal regions [16] .
Discussion
The monomer-trimer transition of gp41 (Fig. 5) may play a role in the fusion process and its inhibition suggests a therapeutic target. Previously we detected and measured this reversible association with water soluble HIV and SIV gp41 [16, 17] . These measurements were extended to include other gp41 constructs which included lipid-associating domains as indicated in Table 2 . The main technique used, sedimentation equilibrium, although the gold standard for native mass determinations is very time-consuming and limited with regard to the number of samples that can be processed. Here we have shown that FRET experiments using site-directed probes give results matching those obtained by AUC. Those FRET studies are potentially adaptable for high-throughput screening approaches. Furthermore, the sequence positioning of the probe allows, in principle, assessment of the contribution of selected domains to the association process. Here, the florescence labels were located at the C terminus of the TM domain, as we were particularly interested in probing the transitions for this region. This is different from sedimentation equilibrium studies, in which the overall mass of the oligomers is measured.
Trimerization is energetically driven by the ectodomain only
The reversible trimerization of gp41 can be detected in the well-characterized core ectodomain 27-154. Although this construct does not contain the classic lipid-binding domains FP and TM, its association is affected by detergent, consistent with strong lipid interactions detected in the IL and C-terminal end of NHR domain [16] . The hydrophobic nature of IL is especially relevant, as its deletion in both 27-154 and 27-194 weakens the association for these constructs ( Table 2) . As mentioned, the presence of the FP and TM (in and the TM (in 27-194) does not impact on the trimeric association, as the K d s in detergent for all IL containing constructs are fairly similar. This indicates that the main contribution toward stabilization of the trimer reside in the ectocellular core domain. Recently, a peptide corresponding to the TM region was shown to be trimeric in a bicelle environment and suggested to have a stabilizing role for the gp41 homotrimer [31] . However, if this was the case for the intact protein, we might expect those constructs which contain the TM to have a significantly higher trimerization potential than those without it. This would be true even if the extra binding affinity was weak, as K d s for separate sites are additive and, for example, an additional weak millimolar association would contribute three order of magnitude increase in association. Interestingly, Dai et al. [30] showed that a gp41 peptide corresponding only to the MPER-TM region is monomeric in DPC, consistent with our results. More recently, a TM peptide construct, similar to the one used in [31] , gave NMR residual dipolar couplings which were inconsistent with a symmetric trimeric structure of the TM but more consistent with a monomeric oligomerization state of the TM [32] . FRET data indicate that the proximity of the TM domains changes in a concentration-dependent manner in DPC micelle (membrane mimic) and are not fixed in a trimeric state. A recent cryo-EM structure of the HIV-1 native envelope trimer gave only diffuse electron density for the TM domain, precluding a structural investigation of the TM, but indicating substantial dynamics [33] . Consistent with these recent studies would be that the TM transitions from monomers in the pre-fusion state to trimers in later and postfusion states. The clustering of the TM domains, although driven energetically by the gp41 ectodomain, may also play an important role in initiating membrane fusion and perhaps present another perspective drug target. It should be noted that although the association state of the large gp41 cytoplasmic domain is unknown, it contains a high proportion of predicted amphiphatic helices which could mediate protein interactions, perhaps also influencing the physical status of the anchoring TM.
Effect of pH on gp41 association
In various truncated versions of gp41 [30, 34] , a dependence of protein association on pH was observed with monomeric protein at lower pH values and associated protein at neutral pH values [30, 35] . We have also previously shown that gp41, although very soluble at low pH, forms large multimers (7-70 trimers) at pH 8.0 and that the association appeared mediated by IL [30, 36] . It is not clear whether the pH effects observed by others has physiological significance or simply reflects changes in solubility. If indeed viral fusion occurs not only at the cell surface but also via an endocytic pathway, similar as for influenza hemagglutinin [37, 38] , then pH-sensitive fusogenic behavior might suggest an alternative pathway of infection via the endosome [39] [40] [41] .
Conclusions
Fluorescence resonance energy transfer measurements of a C-terminal labeled gp41 indicated protein association with a K d in the low lM range (4.71 AE 0.25 lM), in agreement with previous studies (Table 2) . FCS diffusion time measurements show an increase of the diffusion time in the same concentration range, supporting oligomerization. This indicates dissociation of gp41 at low lM concentration when embedded in DPC micelles (Fig. 4) . Comparison of the association of various gp41 construct also indicates that the ectodomain (27-154) is the mediator of (Table 2) , which is independent of protein conformation, to be in the lM range similar to the value determined here by FRET. Even at low concentration, gp41 is mainly trimeric. The addition of DPC micelles pushes the equilibrium (left) toward monomer, and trace levels of SDS complete the shift to monomer (A) (which is not denatured or unfolded) as shown by CD and gel filtration (Fig. 4B) . It is likely that state B only exist in combination with gp120-also that in vitro monomeric protein (A) is not necessary fully extended.
trimeric association with little or no contribution from FP, MPER, and TM domains. However, the TM domains are in close proximity in the trimer based on FRET and FCS measurements. The trimerization of gp41 in detergent, which models association of the complete ectodomain and TM, can easily be monitored by gel filtration (Fig. 4) .
An associative process and monomeric intermediate during the fusion process would play a mechanistic role in the transition from an elongated gp41 prefusion intermediate, bridging viral and host cell membrane, to the post-fusion six-helical bundle conformation. As any kind of gp41-targeted fusion inhibitor must interfere with that transition, the question whether a monomeric, partially monomeric or trimeric state defines the right binding epitope will be key for future structure and traditional-based drug designs. In classic drug development, a drug target is identified which is a surrogate for a more complex biological system. For anti-HIV, via inhibition of membrane fusion, the potential drug target would be inhibition of trimerization of a specific labeled fluorescent gp41 stabilized in detergent micelles. For monitoring, we have developed a fluorescence-based method which could be adapted for high-throughput screening of low molecular weight compound libraries [42] .
